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FeSe is arguably the simplest, yet the most enigmatic, iron-based superconductor. Its nematic
but non-magnetic ground state is unprecedented in this class of materials and stands out as a
current puzzle. Here, our NMR measurements in the nematic state of mechanically detwinned
FeSe reveal that both the Knight shift and the spin-lattice relaxation rate 1/T1 possess an in-plane
anisotropy opposite to that of the iron pnictides LaFeAsO and BaFe2As2. Using a microscopic
electron model that includes spin-orbit coupling, our calculations show that an opposite quasiparticle
weight ratio between the dxz and dyz orbitals leads to an opposite anisotropy of the orbital magnetic
susceptibility, which explains our Knight shift results. We attribute this property to a different
nature of nematic order in the two compounds, predominantly bond-type in FeSe and onsite ferro-
orbital in pnictides. The T1 anisotropy is found to be inconsistent with existing neutron scattering
data in FeSe, showing that the spin fluctuation spectrum reveals surprises at low energy, possibly
from fluctuations that do not break C4 symmetry. Therefore, our results reveal that important
information is hidden in these anisotropies and they place stringent constraints on the low-energy
spin correlations as well as on the nature of nematicity in FeSe.
1. Introduction
How and why electronic degrees of freedom break the
point-group symmetry of the crystal lattice is currently
one of the most active areas of research in condensed-
matter physics1. This phenomenon fascinates not only
as an electronic analog of the nematic phase of liquid
crystals (a phase with broken rotational, but not trans-
lational, symmetry of the molecular arrangement)2 but
also because it might help understand several classes of
unconventional superconductors3–6.
In recent years, intense research activities have focused
on the iron-pnictide superconductors, in which the elec-
tronic fluid is manifestly responsible for a tetragonal-to-
orthorhombic transition7,8. Concomitantly, a magnetic
transition is also systematically induced at a tempera-
ture equal to, or slightly lower than, the structural (now
dubbed nematic) transition at Ts9. Even though a mi-
croscopic model of magnetism is still debated10, the en-
tanglement between magnetic and structural degrees of
freedom is largely considered to be the cornerstone of the
physics of the pnictides.
It thus came as a surprise that another iron-based su-
perconductor, the iron chalcogenide FeSe (Tc = 9 K), ex-
hibits an orthorhombic transition that is neither preceded
nor followed by any magnetic transition11. This absence
of magnetic order has led to the suggestion that nematic
order in FeSe is driven by orbital, rather than spin, fluc-
tuations12–14. This issue, however, has remained highly
controversial. First, despite the absence of magnetic or-
der, strong spin fluctuations are present15–19 and these
could drive nematic order20. Further, the magnetic prop-
erties of FeSe, including the absence of spin order, are
not well understood and defining the correct theoreti-
cal model is even more contentious than for the pnic-
tides14,20–33. Last, experiments able to discriminate the
different theories are scarce.
Besides magnetism, the electronic properties of FeSe
also appear more mysterious than those of the pnic-
tides. The band structure, with tiny Fermi surface pock-
ets, is strongly renormalized, as compared to DFT cal-
culations34,35. In addition, measurements of low-energy
quasiparticle interference in the normal state and of the
superconducting gap structure36,37 have shown that the
nematic anisotropy is much larger than that prescribed
by simple models that include realistic band splitting
caused by the nematic order. Several theoretical mod-
els have invoked effects from electron interactions in or-
der to capture the observed momentum (or real-space)
anisotropy14,38–43. At present, however, the detailed
low-energy electronic bands for FeSe are still controver-
sial44–48 and recent studies have pointed to unusual or-
bital contributions to the nematic order in this mate-
rial49,50.
Here, we use nuclear magnetic resonance (NMR) to
discover that the in-plane magnetic anisotropy of both
the Knight shift K and the spin-lattice relaxation rate
1/T1 in the nematic state of FeSe is inverse to that in
nematic LaFeAsO.
In LaFeAsO, both the K anisotropy and the T1
anisotropy measured here are consistent with other mea-
surements in pnictides and they are understood from
the well-established sequence of events upon cooling: 1)
the high temperature tetragonal phase features degen-
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2erate spin fluctuations at two orthogonal wave vectors
Q1 = (pi, 0) and Q2 = (0, pi). 2) The orthorhombic
distortion at Ts and the concomitant orbital ordering
of Fe dxz and dyz orbitals lift this degeneracy by se-
lecting Q151. 3) This induces stripe-type magnetic or-
der9 where the relative orientation of magnetic moments
becomes effectively ferromagnetic (FM) along the short
in-plane axis b and antiferromagnetic (AFM) along the
long axis a while SOC enforces the ordered moments to
be aligned with the AFM direction9,52,53. Upon cool-
ing, Knight shift anisotropy appears at Ts54, as does T1
anisotropy55,56. The former arises from the slight differ-
ence of uniform spin susceptibility χspin(q = 0) along the
a and b axes57. The latter is different in nature and re-
sults from two combined effects: the imbalance of spec-
tral weight of spin fluctuations at Q1 and Q2 and the
anisotropy of the spatial components of the spin (essen-
tially χ′′c (Q1) 6= χ′′ab(Q1))56.
The contrasting results in FeSe imply significant devi-
ations from this picture. From detailed theoretical mod-
eling using realistic band structures and including SOC
and the feedback of the nematic order on the self-energy,
we find that a consistent description of the Knight shift
anisotropy at q = (0, 0) can be obtained by invoking dif-
ferent nematic orders in LaFeAsO and FeSe. This high-
lights the important information hidden in the magnetic
anisotropy. The T1 anisotropy, on the other hand, finds
no straightforward explanation within a phenomenologi-
cal model that considers assumed functional forms of the
main contributors to the magnetic susceptibility.
The paper is organized as follows: in Sec. 2 we out-
line the principle of the experiment, while Sec. 3 and
Sec. 5 contain the experimental results for the in-plane
anisotropy of the Knight shift and the relaxation rate,
respectively. In Sec. 4 and Sec. 6 we provide theoreti-
cal analyses of the Knight shift and the relaxation rate,
respectively. The Knight shift is calculated in terms of
a microscopic approach whereas the relaxation rate is
discussed from a more phenomenological point of view.
Section 7 includes a discussion of the results and con-
nection to the literature. We note that there exists a
substantial associated supplementary material (SM) sec-
tion with additional details of the experimental setup and
the theoretical analyses.
2. Principle of the experiment
The principle of our measurements is simple: the pres-
ence of perpendicular domains in the orthorhombic phase
hampers an unambiguous interpretation of the NMR
spectra. Therefore, we mechanically detwinned the crys-
tals by applying uniaxial stress (see Methods). The short
axis, labeled b by convention, is determined here by the
direction of applied strain. This allows us to determine
which NMR lines correspond to sites having the magnetic
field H aligned with the a or b axis. This unambiguous
site assignment is then used to evaluate both the ampli-
tude and the sign of the anisotropy of two NMR observ-
ables: the Knight shift K and the spin-lattice relaxation
rate 1/T1. Note, however, that these anisotropies have
been measured directly in the twinned samples and so
are not caused by uniaxial stress.
In the absence of strong spin-orbit coupling (SOC), the
Knight shift tensor K is usually decomposed into a spin
and an orbital contribution :
Kαα = K
spin
αα +K
orb
αα (1)
The spin contribution Kspin is proportional to the real
part of the static (ω = 0), uniform (q = 0) spin suscepti-
bility χspin and to the hyperfine coupling tensor Aαα:
Kspinαα ∝ Aspinαα χspinαα , (2)
while Korb includes effects of the orbital susceptibility
χorb due to the orbital momentum L and closed-shell
diamagnetism and (again in the absence of SOC), the
total uniform magnetic susceptibility is:
χmag = χspin + χorb (3)
The spin-lattice relaxation rate 1/T1 is usually domi-
nated by low-energy spin fluctuations and is related to
the imaginary part of the dynamic spin susceptibility
χ′′ (q, ω0):
1
T1
= T
γ2
2
∑
q
∑
α
Fαα (q) χ
′′
αα (q, ω0)
ω0
, (4)
where γ is the nucleus gyromagnetic ratio, ω0 the nu-
clear Larmor frequency (∼ 108 Hz here) and Fαα (q) =
|Aαα (q)|2 the hyperfine form factor (α = a, b, c) with
Aαα (q) =
∑
j
Aαα (rj) exp (−iq · rj), j labels the four Fe
around each As/Se site.
Since large single crystals of FeSe cannot be grown,
neutron scattering data from detwinned samples is lim-
ited at present19. Therefore, NMR measurements under
uniaxial stress offer a unique opportunity to probe the
anisotropy of spin fluctuations in the mysterious nematic
state. In order to provide a benchmark for our 77Se NMR
results in FeSe, we systematically compare them with
75As data in the parent compound LaFeAsO. We have
chosen this latter compound because it offers a relatively
wide temperature (T ) window between its orthorhombic
transition at Ts ' 154 K (Ts ' 90 K for FeSe) and its
magnetic transition at TN ' 135 K58. We show that
data from different probes of magnetism in LaFeAsO or
BaFe2As2 agree quantitatively with our NMR results in
LaFeAsO, implying that these results indeed represent
the typical behavior of iron-pnictides9.
3. Knight shift anisotropy: experimental results
When no stress is applied and the field is aligned with
the Fe-Fe bonds (i.e. the orthorhombic a or b axis),
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FIG. 1. NMR evidence for sample detwinning under uniaxial stress. (a,b) 75As-NMR central line in LaFeAsO with
(b) and without (a) uniaxial stress at T = 141 K and H0 = 15 T. Upon application of stress, the integrated intensity of the
higher-frequency peak increases at the expense of the low frequency peak. (c,d) 77Se-NMR spectra of FeSe with (d) and without
(c) stress at T = 10 K and H0 = 9 T, respectively. At variance with LaFeAsO, the remaining intensity of the second peak in
FeSe indicates that the crystal is not fully detwinned. This is because the maximum stress applicable on FeSe crystals is about
half of that for LaFeAsO. FeSe distorts and exfoliates above ∼ 5 MPa while LaFeAsO does not break up to at least 15 MPa.
This thus limits the maximal stress that can be applied on FeSe that we could not fully detwin it. LaFeAsO spectra are fitted
by three Lorentz functions (the small peak at ∼109.77 MHz is present at any temperature and is attributed to an impurity
- see SM). FeSe spectra are fitted by two Lorentz functions. The 1:1 area ratio of the peaks in (a) and (c) shows that the
twin domains are equally populated in the unstrained samples. The different widths for the two peaks is consistent with other
reports (e.g.ref. 61) but not presently understood. Notice that the quadrupolar interaction contributes to the peak splitting in
LaFeAsO. As explained in SM, this effect has been taken into account for extracting the Knight shift anisotropy in Fig. 2.
NMR lines in the (non-magnetic) orthorhombic phase
are split into two peaks (Fig. 1a,c), in agreement with
earlier studies of both LaFeAsO and FeSe12,13,55,59–61.
Upon applying uniaxial stress in both samples, the in-
tensity of one peak grows at the expense of the other
while the total intensity of the spectrum is conserved, as
seen from Fig. 1(b,d). The second peak is strongly re-
duced at 5 MPa (the maximum pressure that FeSe can
withstand) and eventually disappears above ∼10-20 MPa
in LaFeAsO. This demonstrates that the line splitting in
the unstrained crystals is produced by twin domains, as
previously hypothesized13,55,62: one peak corresponds to
those domains for which the magnetic field H is parallel
to the a-axis and the other peak corresponds to domains
with H ‖ b. That each domain is associated with a single
NMR peak shows that the orbital order does not lead to
any differentiation of Se sites in each domain (at least
when the field is applied parallel to the a or b axes).
For FeSe, the resonance frequency is entirely deter-
mined by the Knight shift K so the difference of reso-
nance frequencies for H ‖ a and H ‖ b is due to the
anisotropy of K in the plane. Because 77K > 0, the
low-frequency peak corresponds to the lowest K value.
For LaFeAsO, after deconvolution from quadrupole ef-
fects that are present due to the nuclear spin I = 3/2 of
75As, our analysis (see SM) shows that significant Knight
shift anisotropy also contributes to the line splitting. The
low-frequency peak corresponds to the lowest K values,
as in FeSe.
Despite these qualitative similarities, however, there
is a remarkable difference between the pnictide- and the
chalcogenide-based materials: while applied stress paral-
lel to the external field direction forces all sites to have
H ‖ b (which is the short axis by definition) in both com-
pounds, the peak that remains in the detwinned crystal is
the high frequency peak in LaFeAsO while it is the low
frequency peak in FeSe as shown in Fig. 1. Therefore,
both compounds develop in-plane Knight shift anisotropy
on cooling below Ts (see Fig. 2(a) where we plot the ra-
tio RK = Kb/Ka), but their anisotropies are inverted:
Ka > Kb for FeSe and Kb > Ka for LaFeAsO (from now
on we use Kαα = Kα).
In principle, both the hyperfine coupling and the mag-
netic susceptibility are susceptible to become anisotropic
in response to the orthorhombic distortion and to the
orbital imbalance below Ts. However, there are indi-
cations from BaFe2As2 that the anisotropy of K arises
mostly from the anisotropy of χmag: indeed, compar-
ing NMR56 and bulk magnetic susceptibility data57 at
∼138 K, we find that Kb/Ka and χmagb /χmaga change at
the same rate as a function of relative lattice distortion.
Furthermore, we observe that Kb/Ka ' 1.17 at T ' TN
in LaFeAsO has the same value as in BaFe2As256 and
NaFeAs54. Therefore, all iron-pnictides appear to have
the same value of the Knight shift anisotropy at TN and
this anisotropy is essentially due to the anisotropy of
χmag. Thus, we can now assess that
χmagb > χ
mag
a in LaFeAsO, (5)
that is to say, the uniform susceptibility is larger forH ‖ b
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FIG. 2. Knight shift and T1 anisotropies in the nematic state. Temperature dependence of in-plane Knight shift
anisotropy ratio Kb/Ka (a) and in-plane 1/T1 anisotropy Rab = (1/T1)b/(1/T1)a (b). Our data (solid symbols) are fully
consistent with Refs. 13 and 55 (open symbols) but because we detwinned the crystals, our data are able to unambiguously
identify the a and b axes. Dotted lines are guides to the eye. Error bars in (b) correspond to s.d. in fits of the recovery of the
nuclear magnetization after a saturating pulse.
than for H ‖ a, as also found in BaFe2As257.
Since 77Se nuclei in FeSe and 75As in LaFeAsO occupy
the same crystallographic position with respect to the Fe
square lattice, their hyperfine coupling should have the
same symmetry properties. Therefore, the Knight shift
anisotropy in FeSe must also arise from the anisotropy of
χmag. This leads us to conclude that the anisotropy of
the uniform spin susceptibility in FeSe is reversed with
respect to that in iron pnictides:
χmaga > χ
mag
b in FeSe. (6)
This conclusion corroborates a recent bulk measure-
ment63 finding a ratio χmagb /χ
mag
a = 0.93. The NMR
shift being insensitive to extrinsic contributions such as
diluted impurities or spurious phases, the intrinsic nature
of the effect is not questionable. Furthermore, that our
Kb/Ka ratio at low temperature gives the same value
within error bars (Fig. 2a) strongly suggests that the
magnetic anisotropy arises entirely from either the spin
part or the orbital part, rather than from a combination
of the two. Indeed, the relative weight of these two parts
in the total Knight shift (Eqs. 1 and 2) is in general not
the same as in the total susceptibility (Eq. 3). In the
following, we shall thus limit our theoretical analysis to
a calculation of the anisotropy of the susceptibility.
We note that χmaga > χ
mag
b was interpreted in Ref. 63
as evidence of short-range magnetic order with the spins
aligned along the shorter orthorhombic axis in FeSe.
However, this explanation was found to be inconsistent
with the absence of significant 57Fe NMR line broadening
at low temperature60.
4. Knight-shift anisotropy: microscopic theory
The magnetic anisotropy of the spin fluctuations atQ1
and Q2 arising from SOC in both the normal and super-
conducting states was recently studied theoretically by
two of the present authors within an itinerant ten-band
model with multiorbital Hubbard interactions53,64. Here,
we apply the theoretical framework developed in Ref.
53 and extend it by including the paramagnetic orbital
contribution to the susceptibility in order to obtain the
total magnetic response throughout momentum space,
and to extract the corresponding magnetic anisotropy at
q = (0, 0), as well as at Q1 and Q2. For the band-
structure part of the Hamiltonian we apply DFT-derived
models relevant to LaFeAsO and FeSe31,65. In the ne-
matic phase, the LaFeAsO (FeSe) band contains a term
describing ferro-orbital onsite (bond-orbital) nematic or-
der, as suggested by previous studies28,31,36,37,40,47,66–70.
For all model details, including the calculation of the
full susceptibility tensor χij(q, ω) containing both spin
and orbital contributions, we refer the reader to the SM
section. Note we work with a coordinate system where
x = a, y = b, z = c.
In order to discuss the various contributions to the
magnetic anisotropy, the susceptibility tensor is decom-
posed into three contributions of different physical origin
χij(q, ω) = χ
orb
ij (q, ω) + χ
spin
ij (q, ω) + χ
mixed
ij (q, ω). (7)
Here, χorbij (q, ω) denotes the orbital part due to spin-
conserving particle-hole fluctuations in the Fe 3d shell,
χspinij (q, ω) denotes the spin part, while χ
mixed
ij (q, ω) con-
tains the contributions that describe the response of an-
gular momentum to changes in the electronic spin and
vice versa. In the absence of SOC, this contribution
vanishes identically, and with SOC being a small energy
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FIG. 3. Calculated magnetic susceptibility with and without self-energy effects. RPA susceptibilities (U = 4eV)
for the static limit of the uniform susceptibility as a function of chemical potential µ0, for the band structures of LaFeAsO
(a,c) and FeSe (b,d), respectively. Solid, dashed, and dotted lines refer to total, orbital, and spin contributions to the uniform
susceptibility, respectively. Blue and red lines refer to χxx(0, 0) and χyy(0, 0), respectively. Panels (a,b) [(c,d)] are obtained
without [with] additional self-energy effects, as described in the main text.
scale, the influence of χmixedij (q, ω) on the total magnetic
response and the magnetic anisotropy in particular, is
negligible. In what follows, we will therefore focus the
discussion on the orbital and spin contributions to the
susceptibility, but all numerical results are obtained from
the total χij(q, ω). The Knight-shift anisotropy is ob-
tained from the real part of the static uniform suscepti-
bility.
Using this theoretical framework, we explore the con-
tributions to the total susceptibility and the roles played
by nematicity and SOC in the generation of magnetic
anisotropy. Without SOC or nematicity, χorbxx (q, ω) =
χorbyy (q, ω) 6= χorbzz (q, ω) due to the breaking of orbital ro-
tational symmetry by hopping and crystal field terms,
while the spin part remain fully symmetric. However,
in the presence of both symmetry-breaking effects, SOC
and nematicity, explicit calculations of χij(q, ω) (with in-
teractions included at the RPA - random phase approxi-
mation - level, see SM) reveal that:
• The magnetic anisotropy is momentum-selective in
the sense that the orbital contribution dominates at
q = 0 while the spin contribution dominates at Q1
and Q2: χij(0, 0) ≈ χorbij (0, 0) and χij(Q1/2, 0) ≈
χspinij (Q1/2, 0).
• The band structures and nematic orders relevant
for LaFeAsO and FeSe, respectively, lead to the
opposite magnetic Knight-shift anisotropy as com-
pared to experiments, i.e. opposite inequalities in
the expressions (5) and (6).
The first point above, i.e. that the uniform suscepti-
bility anisotropy is dominated by orbital contributions,
is shown in Fig. 3(a,b) and constitutes the first main
outcome of our theoretical analysis. In Fig. 3 we plot
the susceptibilities as a function of the chemical poten-
tial µ0 in a range around µ0 = 0, where an electronic
filling of n ≈ 6 is realized. The results are plotted versus
µ0 in order to probe the sensitivity of the obtained re-
sults with respect to Fermi surface changes. As seen from
Fig. 3(a,b), the orbital anisotropy is largely insensitive to
changes in the chemical potential.
The second point above, i.e. the opposite anisotropy
compared to experiments, see Fig. 3(a,b), exerts a seri-
ous problem for the "plain vanilla" RPA approach which
cannot be alleviated by a small change of parameters,
see SM. However, certainly for FeSe it is well-known that
additional electronic interaction effects are required to
explain, for example, the energy and momentum depen-
dence of the magnetic fluctuations, or the superconduct-
ing pairing kernel33,36,37,40,71. Indeed FeSe has been ad-
vocated to be an example of a Hund’s metal where sizable
orbital decoupling takes place as a consequence of large
Hubbard-Hund interactions37,72–74.
To this end, following earlier works33,36,37,40 we aug-
6ment the RPA framework by phenomenological, orbital-
selective quasiparticle weights Zµ (here µ is an orbital
index, see SM) which turn out to play a crucial role in
correctly determining the final splitting of orbital fluc-
tuations with polarization along the crystal axes a and
b. The splitting is essentially controlled by the ratio
Zxz/Zyz in the nematic phase. Methods capable of com-
puting Zµ due to local correlations in the nematic phase
predict that Zxz/Zyz > 1 for ferro-orbital onsite ne-
matic order, while Zxz/Zyz < 1 for a mixture of s−
and d−wave bond-order75,76. As elaborated in the SM
section, we find that it is precisely this ratio Zxz/Zyz
which controls the way the low-energy orbital fluctua-
tions at small wavevectors split, and which further differ-
entiates the magnetic anisotropy of LaFeAsO from that of
FeSe. In Fig. 3(c,d), we show the final total susceptibility
with inverted anisotropy as compared to the "coherent"
(Zµ = 1) case displayed in Fig. 3(a,b). Thus we conclude
that for the in-plane Knight-shift anisotropy:
• The experimental Knight-shift anisotropy for
LaFeAsO and FeSe is theoretically reproduced by
including self-energy corrections to the susceptibil-
ity in the form of orbital-dependent quasiparticle
weights.
We note that SOC does not play a role in the determi-
nation of the magnetic anisotropy due to orbital fluctu-
ations. It is caused by the nematicity, which feeds back
on the quasiparticle weights, and produces inverse ratios
for Zxz/Zyz for LaFeAsO and FeSe, respectively, result-
ing in final qualitative agreement with the experimental
measurements.
We end this section with additional comments on the
connection to experiments:
1) In the above scenario, quantitative agreement to
the measured ratio RK = Kb/Ka can be reproduced
by tuning δZ. For example, in the case of FeSe, as
seen from Fig. 3(d), RK as determined simply from
χyy(0, 0)/χxx(0, 0) is of the order of 0.9 (similar to ex-
periments) for δZ = −0.05. The fact that Zyz >
Zxz for FeSe is consistent with quasiparticle weights
used earlier to model data from various experimental
probes33,36,37,40,77. For the latter case, however, a quan-
titatively larger quasiparticle weight anisotropy was re-
quired for agreement with the data. Only microscopic
calculations that properly incorporate interactions and
their feedback on the low-energy electronic states can re-
liably calculate δZ, which is a project beyond the scope
of the current paper. We elaborate further on the de-
pendence of the magnetic susceptibility on δZ in the SM
section.
2) The above discussion shows that it would be ex-
tremely interesting to have independent and more direct
measurements of the quasiparticle weight anisotropy in
iron pnictides.
3) Both nematicity and δZ vanish at the nematic tran-
sition temperature, and therefore RK necessarily van-
ishes at that temperature as well. Below the nematic
transition temperature, the detailed temperature depen-
dence of the Knight-shift anisotropy will depend on the
form of the T -dependence of both the nematic order and
δZ. A standard mean-field like dependence would be
consistent with experiments.
4) The magnetic anisotropy at Q1 and Q2 has been
extensively explored by polarized neutron scattering ex-
periments. In the SM section, we elaborate on the theo-
retical results for the anisotropy of χij(Q1/2, 0) and show
its agreement with the available experimental data9,53
5. T1 anisotropy: experimental results
For both LaFeAsO and FeSe, the spin-lattice relax-
ation rate 1/T1, measured for each peak (i.e. for H ‖ a
and H ‖ b), becomes increasingly anisotropic upon cool-
ing in the nematic state as seen from Fig. 2(b). While this
agrees with earlier studies of both compounds13,55, our
unambiguous site assignment allows us to discover that
the T1-anisotropy in FeSe (Rab ' 0.6 at 10 K) is actu-
ally inverted with respect to that in LaFeAsO (Rab ' 2
at TN ). This is also to be compared to Rab ' 1.6 in
NaFeAs54.
To understand this result, it is first important to real-
ize that Rab is not a measure of the a-b anisotropy of spin
fluctuations, that is, Rab 6= χ′′b /χ′′a. This is because 1/T1
measures hyperfine field fluctuations transverse to the ex-
ternal field and because the hyperfine coupling tensor is
non-diagonal at 75As and 77Se sites in Fe-based super-
conductors62.
In fact, Rab is related to both the anisotropy of χ′′
(so-called spin-space anisotropy) and the q-space struc-
ture of low-energy spin fluctuations To realize this, it is
first useful to consider fluctuations only at wave vectors
Q1 = (pi, 0) and Q2 = (0, pi) and an infinite correlation
length ξ. In this limit, one obtains (see SM for details of
the calculation and Ref. 56 where identical formulas were
recently derived):
Rab =
χ′′a(Q1) + χ
′′
b (Q2) + χ
′′
c (Q1)
χ′′a(Q1) + χ′′b (Q2) + χ′′c (Q2)
(8)
Above Ts, fluctuations at Q1 and Q2 have equal weight
and thus Rab = 1 , as indeed observed for LaFeAsO and
NaFeAs. In the nematic state of this pnictides, spectral
weight is progressively transferred from Q2 to Q1 upon
cooling51 and Rab ' 1 + χ
′′
c (Q1)
χ′′a (Q1)
exceeds 1 above TN .
The less-than-unity and nearly inverse ratio Rab ' 0.6
in FeSe could be understood in this picture if the dom-
inant spin fluctuations are at Q2, not at Q1 as in the
pnictides, thus leading to Rab ' 1− χ
′′
c (Q2)
χ′′b (Q2)+χ
′′
c (Q2)
. This
would imply that the magnetoelastic coupling in FeSe
has an opposite sign as compared pnictides: the lattice
would distort in an opposite way so that spin correlations
are ferromagnetic (FM) along the a axis and AFM along
the short b axis. There are, however, problems with this
7explanation. First, it has been argued that the magneto-
elastic coupling in FeTe, that is isostructural to FeSe,
has the same sign as in pnictides78, thus making a sign
change in FeSe implausible. Second, a recent neutron
scattering study on detwinned FeSe finds spectral weight
at Q1. Third, for not too large values of the correlation
length (a plausible situation given the absence of spin or-
der in FeSe), Eq. (8) is an oversimplification and other
parameters play a role in the T1 anisotropy: the value of
ξ, its anisotropy as well as putative spectral weight away
from Q2 and Q1.
Due to numerical limitations, we cannot obtain this
quantity from microscopic calculations along the same
lines as those presented above for the Knight shift. As
seen from Eq. (4), a calculation of the T1 anisotropy
requires a reliable summation of all momenta in the
BZ, which is very computationally demanding for ten-
band models. Therefore, to understand the in-plane
T1 anisotropy, we shall pursue a phenomenological ap-
proach.
6. T1 anisotropy: phenomenological calculation
Assuming a functional form (Lorentzian here) of
χ′′(qx, qy) and knowing the q dependence of the hyperfine
form factor, the anisotropy ratio Rab can be calculated
from Eq. (4) after integration over in-plane wave vectors
Q = (qx, qy) (see SM for details). In addition, in order to
further constrain the parameters, we have performed sim-
ilar calculations for Rac = 12 ((1/T1)a+(1/T1)b))/(1/T1)c,
the value of which has been measured in FeSe: Rac '
1.9± 0.212,13,79.
Perhaps surprisingly, there is still significant uncer-
tainty regarding χ′′(q, ω) in FeSe: the value of the instan-
taneous spin-spin correlation length ξ is essentially un-
known and the low-energy fluctuations are poorly char-
acterized. For instance, a recent inelastic neutron scat-
tering (INS) study in the nematic state suggests that
fluctuations at Q2 persist at energies of ∼3 meV and be-
low, while they have totally disappeared in the range 6
to 11 meV19.
Given these uncertainties, we have performed extensive
calculations of Rab and Rac, varying three main parame-
ters: (i) the peak position of χ′′ in the (qx, qy) plane (i.e.
we search whether low-energy fluctuations away from Q1
andQ2 may contribute to T1), (ii) the correlation lengths
ξa and ξb (defined as the inverse width of χ′′ along qx and
qy directions) and (iii) the spatial anisotropy of χ′′.
Our results (detailed in SM) show that the exper-
imental values of Rab and Rac cannot be simultane-
ously reproduced by assuming "standard" fluctuations
at Q1 = (pi, 0), isotropic correlation length ξa ' ξb (con-
sistent with the isotropic scattering around (pi, 0) in INS
data at 15 meV18), ξab ' 5a0 (as might be expected,
within an approximate factor of two, for a correlated
material that does not order), χ′′c ' 7χ′′b (as indicated
by INS data in the range of 2.5 to 8 meV17). Note that
uncertainty regarding off-diagonal components of the hy-
perfine tensor in FeSe might quantitatively, but probably
not qualitatively, affect the simulation results (see discus-
sion in SM). First principes calculations of the hyperfine
tensors would be helpful in order to progress on this issue.
As summarized in SM, correct Rab and Rac values are
reproduced if one of the two following conditions is met:
• either the dominant spin fluctuations are peaked at
Q2 and have a relatively isotropic but substantial
correlation length: ξa ' ξb &10a0 (solution (3) in
SM). In that case a relatively modest anisotropy of
χ′′ in the bc plane is required (χ′′b ' 1.5χ′′c ) while
no constraint can be placed on χ′′a.
• or there is a large in-plane anisotropy of both ξ
(typically a factor 5) and χ′′ (typically a factor 10).
Such large anisotropies would be surprising in FeSe
that does not order magnetically. An apparent
anisotropy of ξ could actually stem from the pres-
ence of competing spin-fluctuations at wave-vectors
such as (pi, pi/2) and (pi, pi/3)29. While anisotropic
spectral weight has indeed been reported in Ref. 15,
this is not seen at low energy18 and so should be
irrelevant for the low-energy fluctuations probed in
NMR.
7. Discussion
We have showed that nematic order induces an in-plane
anisotropy of both the Knight shift and the spin-lattice
relaxation rate 1/T1 (i.e. a difference in the values mea-
sured for H ‖ a and H ‖ b) that is reversed in FeSe with
respect to LaFeAsO. The Knight shift results are consis-
tent with earlier magnetization measurements comparing
the in-plane magnetic anisotropy of nematic FeSe to the
SDW phase of BaFe2As263.
Theoretically, starting from an itinerant scenario and
realistic band structures, we calculated the static mag-
netic susceptibility χmag including the effects of SOC and
nematicity. The first important finding of our analysis is
the dominance of the orbital part at q = 0, presumably
caused by the large number of orbital degrees of freedom
per unit cell. We note that recent NMR experiments on
FeSe find a dominant (≥ 80%) orbital contribution to
the Knight shift at low temperature, in agreement with
our model.59,60 Also, the absence of any change in ∆K
across the superconducting transition is consistent with
an anisotropy arising from Korb and a very small Kspin
at low T (see Fig. 2a where our lowest data point at 1.5
K should be well below Tc even for 15 T applied parallel
to the planes80). By contrast, at Q1 and Q2 the spin
part strongly dominates, as shown in the SM section.
Then, we have found that the correct in-plane
anisotropy of χmag for FeSe and LaFeAsO can be repro-
duced only by postulating orbital-dependent quasiparti-
cle weights Zµ such that Zxz/Zyz < 1 for FeSe whereas
Zxz/Zyz > 1 for LaFeAsO. This difference is justified
8by the different types of nematic orders used to model
the two materials: predominantly bond ordered in FeSe
and predominantly ferro-orbital in LaFeAsO75,76. These
results quantitatively account for our Knight shift data.
At this point it is important to note that, particu-
larly for FeSe, the low-energy electronic structure is still
under intense investigation. For example, there is not
yet consensus about the Fermi surface of the detwinned
material35,45–48, and e.g. the T -dependence of the low-
energy bands and their orbital contents are under cur-
rent scrutiny49,50. In addition, the origin of nematicity
in FeSe is still unsettled, and it remains unknown how the
different Fe 3d orbital states participate in the nematic-
ity. Proposals for distinct nematic orders in LaFeAsO
versus FeSe include the itinerant spin-driven scenario for
LaFeAsO81,82 whereas an instability caused by longer
range Coulomb interactions in FeSe would naturally ex-
plain its mainly bond-ordered nature31,83.
From the above analysis we are led to the interest-
ing conclusion that the opposite magnetic anisotropy be-
tween the nematic phases of FeSe versus LaFeAsO is
caused by distinct nematicity in these two compounds,
and its opposite feedback effects on the self-energy com-
ponents for mainly the dxz and dyz orbitals. However,
further support for this proposed scenario for iron-based
superconductors requires a resolution to the origin of ne-
matic order and its detailed orbital composition. In ad-
dition, we need a microscopic theoretical framework that
self-consistently includes nematicity and self-energy ef-
fects.
Understanding the T1 anisotropy is more involved. We
found sets of parameters compatible with our experimen-
tal results (see Supplementary Information). However,
the required strong anisotropies or the predominance of
fluctuations at Q2 are difficult to reconcile with exist-
ing neutron scattering data. One could argue that the
anomalous relaxation arises, not from spin fluctuations,
but from a different type of magnetism such as orbital
currents or from orbital fluctuations. However, this is
unlikely as there is no experimental evidence of the for-
mer in any Fe-based material and the latter should be
quenched deep in the nematic state. In fact, since the full
parameter space of our phenomenological model could
not be explored, it is possible that a solution exists with
not too strongly anisotropic parameters and low-energy
spin correlations having similar strength at Q2 at Q1.
In this context, it is interesting to notice that, accord-
ing to a recent neutron scattering study, fluctuations at
Q2 appear to have an anomalously high spectral weight
at energies below ∼3 meV19. Therefore, we propose that
the low-energy (∼ µeV) magnetic response of FeSe may
not be simply deduced from the response at ∼10 meV
and that the discrepancy is likely to arise from an en-
hanced weight of low energy fluctuations at Q2. It would
therefore be extremely useful to further characterize the
low-energy spin sector and to seek for theoretical expla-
nations of low-energy fluctuations that are C4 symmetric
or nearly so.
8. Methods
Single-crystalline LaFeAsO and FeSe were synthesized
by self-flux and chemical vapor transport methods, re-
spectively84,85. The LaFeAsO single crystal was cut into
a rectangle shape with its edges along the [100]o and
[010]o of the orthorhombic (o) cell (i.e. Fe-Fe bond di-
rections). The crystals were polished in order to obtain
flat surfaces. The edges of the FeSe single crystal were
naturally parallel to [100]o and [010]o. The typical size
of both samples is 1.5× 1× 0.1mm3.
The exact value of the external magnetic field was cal-
ibrated using the NMR line of metallic 63Cu (from the
coil around the sample).
The uniaxial stress device (Fig. 1e) is implanted on
a semi-cylindrical Torlon holder, fitted in a cylindrical
goniometer. Strain is applied through a BeCu sheet, and
a pressure of about 10-20 MPa is obtained by tightening
the screw by a quarter to half of a turn. By rotating the
whole device, NMR spectra could be measured with the
field carefully aligned either along the b axis (parallel to
the direction of applied strain) or along a (perpendicular
to the direction of applied strain). Line splittings were
checked to vanish for H tilted at 45◦ from a and b.
The spin-lattice relaxation rate T1 was measured by
the saturation-recovery method for both LaFeAsO and
FeSe. The time-dependence of the signal was fit using ap-
propriate formulas for magnetic relaxation at (1/2 -1/2)
transitions of nuclear spins 3/2 (75As) and 1/2 (77Se)
with a single component at all temperatures (i.e. no
stretching exponent).
The 75As Knight shift anisotropy of LaFeAsO was de-
duced after subtraction of the quadruolar shift (see sup-
plementary materials).
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